The influence of 29 pesticides on CO2 production and nitrification by soil microorganisms was determined. A few compounds were stable but without significant effect in soil (chlorinated hydrocarbons), some persisted and depressed respiration and nitrification (carbamates, cyclodienes, phenylureas, thiolcarbamates), and others displayed toxicity but were transformed by soil microorganisms (amides, anilides, organophosphates, phenylcarbamates, triazines). Some compounds of the last type induced an initial increase and subsequent decrease in CO2 production by soil. No simple explanation of this effect is possible, but the results of studies of model systems having established activities suggest that in soil any one or a combination of the following mechanisms is responsible for the observed complex relation of CO2 production to time: (i) a pesticide acts to uncouple oxidative phosphorylation in a manner analogous to 2,4-dinitrophenol; (ii) a pesticide lacking antimicrobial action is oxidized in part and transformed to a stable and toxic product; (iii) a pesticide that is selectively toxic inhibits CO2 production by sensitive microorganisms but is subject to oxidation without detoxification by other members of the microbial population that are resistant to its initial action. Pesticide concentrations greatly in excess of those recommended for agricultural and home use were required to produce an effect, and supplementary organic matter (glucose) tended to reduce pesticide toxicity and increase the microbial degradation of pesticides in soil.
MATERIALS AND METHODS
Pesticides. The compounds and the concentrations tested are listed alphabetically according to their common name: 1,2,3,4,10,10-hexachloro-1,4,4a,5,8, 8a-hexahydro-1,4-endo-exo 5,8 dimethanonaphthalene (aldrin) at 250 and 2,500 ppm; 2-chloro-4-ethylamino-6-isopropylamino-s-triazine (atrazine) at 500 and 1,000 ppm; 4-chloro-2-butynyl N-(3-chlorophenyl) carbamate (barban) at 150 and 1,500 ppm; isopropyl N-(3-chlorophenyl) carbamate (CIPC) at 1 Paper of the Journal Series, New Jersey Agricultural Experiment Station. 150 and 1,500 ppm; 1,1-dichloro-2,2,-bis (p-chlorophenyl) ethane (DDD) at 150 and 1,500 ppm; 1,1,1-trichloro-2,2-bis (p-chlorophenyl) ethane (DDT) at 150 and 1,500 ppm; 3',4'-dichloro-2-methylacrylanilide (dicryl) at 364 and 1,818 ppm; 1,2,3,4,10, 10-hexachloro-6,7-epoxy-1,4,4a,5,6,7,8,8a-octahydro -1,4 -endo -exo -5,8 -dimethanonaphthalene (dieldrin) at 250 and 2,500 ppm; N,N-dimethyl-2,2-diphenyl acetamide (diphenamid) at 478 and 2,390 ppm; 3(3,4-dichlorophenyl)-1,1-dimethylurea (diuron) at 300 and 1,200 ppm; 1,2,3,4,10,10-hexachloro -6,7 -epoxy -1,4,4a,5,6,7,8,8a -octahydro -1,4 -endo -endo -5, 8-dimethanonaphthalene (endrin) at 250 and 2,500 ppm; ethyl N,N di-n-propyl thiolcarbamate (eptam) at 150 and 1,500 ppm; 3-phenyl-1, 1-dimethylurea (fenuron) at 300 and 1,200 ppm; isopropyl N-phenyl-carbamate (IPC) at 150 and 1,500 ppm; 1-isopropyl-3-methyl-5-pyrazolyl dimethylcarbamate (isolan) at 150 and 1,500 ppm; 3' ,4'-dichloro-2-methyl pentanilide (karsil) at 520 and 2,600 ppm; 3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea (linuron) at 300 and 1,200 ppm; S-[1, 2- The results of analyses of CO2 production revealed patterns predictable from the principles presented above. In this regard, the effects of 17 of the compounds tested were uncomplicated. The data summarized in Table 1 indicate that 3 of these 17 substances (DDD, DDT, methoxychlor) had little or no influence on soil respiration. The remaining 14 compounds depressed CO production, but the magnitude of the effect did not exceed 32% and averaged 12 and 21% for soil treated with pesticides at the lower and higher levels, respectively. Toxicity was a function of pesticide concentration except for compounds which had little or no solubility in water (cyclodienes, chlorinated hydrocarbons). In general, added glucose tended to alleviate pesticide-induced inhibition of CO2 production; however, there were some instances (isolan, tillam, vernam) when the glucose was not beneficial.
From their effects on CO2 production, it can be concluded that the compounds named in Table 1 the pesticide molecule (barban, CIPC, IPC, swep, thimet). The rate and magnitude of increased CO2 production varied greatly, but maximal values were obtained from soil treated with dicryl and stam F-34. For these compounds, at the higher application rate, the quantities of pesticide carbon oxidized completely and recovered as CO2 were estimated at 14 and 20%, respectively. In general, added glucose favored pesticide decomposition. The exceptions to this statement were atrazine and simazine. The former was uninfluenced and the latter was spared oxidation by the microbial population of soil that received glucose in addition to pesticide.
Several pesticides induced an initial increase and subsequent decrease in the amount of CO2 produced by soil (Fig. 1) . This was particularly evident in the case of the phenylcarbamate herbicides (barban, CIPC, IPC, swep), but the patterns produced by other pesticides (atrazine, dicryl, karsil, parathion, stam F-34, thimet) were similar. Frequently, the initial increase and subsequent decrease in CO2 production by soil were both related directly to the concentration of pesticide applied to the system. Since many explanations are possible for this deviation from the more conventional patterns of CO2 production by soil, evidence that would enable the more reasonable interpretations to be accepted or rejected was sought by examining model systems having established activities.
The results illustrated in Fig. 2 were obtained by treating soil with 200 ppm of 2,4-dinitrophenol. The similarity of the pattern produced by this respiratory inhibitor to that produced by various pesticides is too striking to require comment. This is especially true for barban, CIPC, IPC, swep, and thimet (Fig. 1) , and it is possible that some pesticides may act as 2,4-dinitrophenol does, and influence microbial CO2 production by uncoupling oxidative phosphorylation.
A pattern similar to the pesticide-induced aberration in CO2 production can be derived mathematically as illustrated in Fig. 3 . For this purpose, it is necessary to assume that one of the following two possibilities is operative in soil: (i) a pesticide lacking antimicrobial activity is oxidized in part and transformed to a stable and toxic product; or (ii) a pesticide is selectively toxic. It inhibits CO2 production by sensitive microorganisms but is subject to oxidation, without detoxification, by other members of the microbial population that are resistant to its action. In each case, some of the carbon added to soil as pesticide will be oxidized completely, causing an increase in CO2 production. This is represented by the uppermost curve in Fig. 3 . . Fig. 3 . The activity of the total microbial population of treated soil is equal to the algebraic sum of these two effects, as illustrated by the center curve in Fig. 3 .
Experimental support for the foregoing theory salt of the aliphatic acid produced more C02 than untreated soil. 3 ,4-Dichloroaniline alone depressed soil respiration. However, when the condensation product of these compounds, stain F-34, was added, there was an initial increase and a subsequent and lasting decrease in C02 production.
The patterns obtained experimentally (Fig. 5) compare favorably with those based on theory and calculated (Fig. 3) . The Nitrification. From the results listed in Table 2 , it is apparent that four pesticides (DDT, endrin, simazine, telodrin) did not influence nitrification, three (DDD, dieldrin, methoxychlor) caused a significant increase in the amount of nitrate produced by the nitrifying population of soil, and the remaining 22 compounds were inhibitory.
Monuron was the most toxic of the substances tested, and its effect persisted. However, the ability of most pesticides to retard nitrification decreased with time, indicating that these substances ( (5, 6, 26) and was observed in the present studies. No indication of microbial degradation was obtained; however, biological epoxidation of cyclodienes in soil (15) would not have influenced CO2 production and would not have been detected by the analytical methods employed here. Present results agree with those of Fletcher and Bollen (9) , who first described nitrification as unaffected or increased by cyclodienes.
Chlorinated hydrocarbons (DDD, DDT, methoxychlor). The extreme recalcitrance of these compounds is well documented (5, 27) . They were stable and had little or no microbiological effects in the present studies. Nitrification was not influenced adversely by chlorinated hydrocarbon pesticides, confirming the results reported by Shaw and Robinson (21) .
Organophosphates (malathione, parathion, thimet). These insecticides caused an initial increase and subsequent decrease in CO2 production by soil; the magnitude of the effect was related to the concentration applied. They also depressed nitrification. Organophosphates undergo degradation in soil, increasing respiration (A. S. Sideropoulos et al., Bacteriol. Proc., p. 20, 1963) and bacterial numbers (16) . They are not chemically or biologically stable, and the literature contains descriptions of toxic degradation products that can explain the ability of organophosphates to exert a delayed inhibition of CO2 production that increased with time in soil (17, 18) .
Carbamates (isolan, sevin). Isolan residues have been detected in soil 100 days after treatment (D. S. Gupta, Ph.D. Thesis, Cornell Univ., Ithaca, N.Y., 1965), but sevin has a half-life of only 7 days (3). Nevertheless, these insecticides influenced the activity of soil microorganisms. They depressed CO2 production and nitrification, and these effects persisted. If any transformation of these pesticides occurred in soil, it did not involve the release of CO2 in appreciable amounts.
Phenylcarbamates (barban, CIPC, IPC, swep). These herbicides are degraded microbiologically in soil (19) , and Kearney and Kaufman (13) used enrichment techniques to isolate from soil a bacterium able to utilize CIPC as a source of carbon and energy. The addition to soil of phenylcarbamates increased CO2 production, indicating modification of the pesticides by oxidative reactions. However, the effect was transient, and these compounds displayed delayed and increasing toxicity that, with time, severely depressed CO2 production by soil. Each of the four phenyl- (17, 20) .
Thiolcarbamnates (eptam, tillan, vernam). These herbicides appeared stable in soil for the 30-day test period, and adversely influenced both CO2 production and nitrification. The present tests confirmed the observation of Chandra et al. (8) that eptam inhibited soil respiration.
Phenylureas (diuron, fenuron, linuron, monuron). These herbicides were effective and persistent inhibitors of CO2 production and nitrification by soil. Activity appeared to be a function of solubility, since fenuron and monuron were the most toxic of the compounds tested. Added glucose had a sparing effect on soil respiration in the presence of phenylureas. Chandra et al. (8) reported that diuron depressed CO2 production, but there is evidence that phenylureas are transformed by soil microorganisms (12) . The rate and extent of decomposition of phenylureas in soil was described by Alexander (1) as a function of the substituents on the phenol moiety. Sheets (22) discussed conditions that favor the microbial degradation of phenylureas in soil, but in studies with C14-methyl-labeled monuron only 10% of the compound was recovered as C'402 in 90 days (11) . Several investigators have reported previously that nitrification is sensitive to phenylureas, particularly monuron (7, 10, 20) .
s-Triazines (atrazine, simazine). Although these two herbicides are related chemically, they differed greatly in their persistence and effects in soil. Both compounds were transformed, but soil that received simazine produced greater amounts of CO2. Kaufman, Kearney, and Sheets (12) reported that a number of soil microorganisms metabolize simazine evolving CO2 from the ethyl amino side chains and not from the striazine ring. Klinchnikov, Petrova, and Polesko (14) described atrazine as more toxic than simazine to soil microorganisms. In the present studies, atrazine was the most effective inhibitor of nitrification, and, with time, it depressed soil respiration, acting in a manner similar to the organophosphates and phenylcarbamates.
Anilides (dicryl, karsil, stam F-34). These compounds caused a pronounced and prolonged inhibition of nitrification and influenced soil respiration. An increase in CO2 production by soil that received anilide herbicides indicated that the compounds were degraded, and organisms able to utilize dicryl and stam F-34 have been isolated from soil by enrichment techniques. We have already discussed the fact that at some levels of pesticide an initial increase in soil respiration was followed by a subsequent decrease, and evidence has been presented to supportthe possibility that the secondary effect was due to the accumulation in soil of a toxic product (3,4-dichloraniline) of the microbial degradation of the added pesticide (stam F-34).
